The Plasmodium falciparum gene encoding the knob associated hlstidine-rich protein (KAHRP) is shown to be transcrlptlonally regulated during its expression in the intraerythrocytic cycle as demonstrated by stage specific nuclear run-on analysis. The genomlc organization of the KAHRP gene was determined and the structural basis for the stage specific transcription investigated. A sequence motif with two-fold symmetry was found 160 bp upstream of the RNA Initiation site. This sequence element interacts with parasite derived nuclear extracts in a stage specific manner that correlates with the transcriptional activity of the KAHRP gene. These studies suggest a functional role for this structural element in the developmental regulation of a P. falciparum erythrocytic gene.
INTRODUCTION
Nearly half of the world's population lives in malaria endemic areas. Transmitted to humans by the bite of an infected mosquito, malaria parasites multiply asexually first in hepatocytes then in erythrocytes. The most severe form of human malaria is caused by the protozoan parasite Plasmodium falciparum, claiming over three million lives annually. The high mortality associated with P. falciparum results from the occlusion of capillaries by infected erythrocytes which adhere to endothelial cells (1, 2, 3, 4) . The cytoadherence of infected erythrocytes is dependent upon the interaction of parasite encoded proteins that are translocated to the erythrocytic membrane with receptors expressed on endothelial cells, such as CD36 and ICAM-1 (5, 6) . Parasite mutants have been described that exhibit reduced cytoadherence (3, 7, 8) . This phenotype was linked to the deletion of a parasite encoded gene, the knob associated histidine-rich protein (KAHRP) (9) .
During the asexual intraerythrocytic cycle of parasite development, the KAHRP gene is expressed in a stage specific manner, as indicated by the analysis of steady state RNA (9) and protein accumulation (10, 11) . The molecular mechanisms regulating the expression of this important parasite gene are unknown. To dissect the structural motifs associated with the developmental regulation of P. falciparum genes, we have studied the expression and regulation of the KAHRP gene during the intraerythrocytic cycle. A comparison of transcriptional activity as determined by nuclear run-on analysis and RNA accumulation revealed that the KAHRP gene is transcriptionally regulated. A sequence element with two-fold symmetry has been found to interact in a stage specific manner with nuclear extracts. This stage specific interaction correlates with the transcriptional activity of this gene, suggesting that this sequence element may be involved in the developmental expression of the KAHRP gene.
MATERIALS AND METHODS

Cultivation of Parasites
The clonal P. falciparum strains FCR3-A2 and FVO~ were grown and maintained as described (29) . Different intraerythrocytic stages were separated by percoll/sorbitol gradient centrifugation (30) . This method allows the separation of these stages with great accuracy as determined in blood smears. Thus, in the trophozoite stage preparation no other stages were detectable. The same is true for the ring and the schizont stage preparation. 0.1 % saponin (31), followed by one wash in solution A (20 mM PIPES pH 7.5, 15 mM NaCl, 60 mM KC1, 14 mM 0-mercaptoethanol, 0.5 mM EGTA, 4 mM EDTA, 0.15 mM spermine, 0.5 mM spermidine, 0.125 mM PMSF). The parasite pellet was resuspended in 3 ml of solution A and transferred to a dounce homogenizer. 200 /*1 of a 10% NP-40 solution was added and six strokes with a B pestle were applied. Nuclei were collected (4,000 rpm for 10 min, Sorvall SM24 rotor) and washed once in solution A. 5x 10 9 nuclei were transcribed at 37°C for 10 min in 600 /tl of solution B (50 mM HEPES pH 7.9, 50 mM NaCl, 10 mM MgCl 2 , 1.2 mM DTT, 10 mM creatine phosphate, 1 mM GTP, 1 mM CTP, 4 mM ATP, 25% glycerol, 125 units/ml rRNasin (Promega), 0.2 mg/ml creatine kinase, 0.5 fiM [a-^PJUTP 3000Ci/mmol. Radiolabelled RNA was isolated (32) and purified by TCA precipitation. Typically 2x 10 7 cpm were incorporated into nascent RNA, with a specific activity of 9xlO 7 cpm//xg. The nascent RNA was hybridized to single stranded DNA fragments (0.2 pmol) immobilized on nitrocellulose. The prehybridization and hybridization conditions were as described (33) . Filters were washed three times for 20 min in 2 x SSC, 0.1 % SDS at room temperature, twice at 55 C C in 0.1 X SSC, 0.1% SDS, followed by one wash at 42°C in 2 X SSC, 50 /tg/ml of RNase A for one hour. Filters were dried and exposed overnight at -70°C with an intensify screen.
Bacteria] strains and libraries
To minimize recombination and deletion events plasmid DNA was propagated in the E. coli host, SURE (Stratagene). A lambda gtl 1 genomic library of P. falciparum (strain A2) was screened using standard methods (34) . The integrity of all clones and sequences were confirmed by Southern analysis. Fig. 3B ) and 0.4/ig of poly A+ ring RNA from the parasite strain FCR3-A2 were coprecipitated and hybridized (34) . After ethanol precipitation the primer was extended at 43°C for 90 min (50 mM Tris/HCl pH 8.3, 75 mM KC1, 3 mM MgCl 2 , 10 mM DTT, 1 mM dNTP, 40 units of rRNasin (Promega), and 300 units of M-MLV H~ reverse transcriptase (superscript, BRL)). Products were analyzed by gel electrophoresis. Primer extension products were recovered from the polyacrylamide gel (34), tailed with dGTP and amplified (35) . Amplified DNA fragments were cloned into pUC18 and sequenced by using the universal forward primer.
Primer extension
RNase protection assay A Nsil/EcoRI fragment corresponding to position 1419 to 2215 in Fig. 3B was cloned into pGEM3. A single stranded RNA probe complementary to the KAHRP mRNA was generated, gel purified and hybridized to 1/tg of poly A+ ring RNA from the parasite strains FCR3-A2 and FVO~ respectively. Hybridization and digestion conditions (0.5 units/ml of RNase A, 100 units/ml of RNase Tl for 30 min at 37°Q were followed as recommended by the manufacturer of the ribonuclease protection assay kit (Ambion).
Preparation of nuclear extracts
Parasites were prepared by saponin lysis (31) . Nuclear extracts were prepared as described (36) . About 5 x 10 9 parasites were resuspended in 1 ml of lysis buffer (10 mM HEPES pH 7.9, 10 mM KC1, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT, 0.5 mM PMSF, 0.65% NP-40). Nuclei were collected by centrifugation and extracted with 100 /d of extraction buffer (20 mM HEPES pH 7.9, 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM PMSF). After 15 min of vigorously shaking, the extract is cleared by centrifugation and yields a protein concentration of 1-2 /ig//tl. Five microgram of total nuclear protein was incubated with 10 fmol of double stranded, end labelled oligonucleotides for 20 min at room temperature (20 mM HEPES pH 7.9, 100 mM NaCl, 1 mM EDTA, 1 mM DTT, 5% Glycerol, 0.25 mg/ml BSA, 2 /ig poly d(I/Q or as indicated; final volume: 15 fd). Binding assays were analyzed by gel electrophoresis (4% polyacrylamide, 5 % glycerol, 0.5XTBE).
RESULTS
The KAHRP gene is transcriptionally regulated
Three asexual intraerythrocytic stages have been defined for the protozoan parasite P. falciparum-tht ring, trophozoite and schizont stage. The accumulation of KAHRP RNA during the intraerythrocytic cycle was examined by Northern analysis. The intra-erythrocytic stages were separated by percoll/sorbitol gradient centrifugation (30) . Total cellular RNA was isolated from the ring, the trophozoite, and the schizont stages of the clonal isolate FCR3-A2, respectively. Unlike previously published (9), the 4.2 kb KAHRP transcript accumulates during the ring stage and only small amounts are detectable in trophozoites (Fig. 1) .
Temporal changes in the KAHRP promoter activity occurring during the intraerythrocytic cycle were studied by nuclear runon analysis (Fig. 2) . For comparison the PI95 gene encoding the major merozoite surface antigen (12), the CS gene encoding the circumsporozoite antigen expressed during the insect stage (13) , and the ribosomal RNA genes (14) were analyzed in parallel. Nuclei were isolated from synchronized cultures of FCR3-A2 at 18 hrs (ring stage), 30 hrs (trophozoite stage), and 41 hrs (schizont stage) after infection. Preformed transcriptional complexes were allowed to elongate in the presence of labelled UTP. The labelled nascent RNA was used as a probe for DNA fragments specific for the KAHRP, the PI95, the CS, and the rRNA genes respectively. The KAHRP gene is transcriptionally active only during the ring stage (Fig. 2) . The correlation between its promoter activity and RNA accumulation indicates that the KAHRP gene is transcriptionally regulated. In contrast to the erythrocytic stage specific regulation of the KAHRP gene, the PI95 gene and the rRNA genes are constitutively transcribed during these stages (Fig. 2) . No transcription was observed for the CS gene during the erythrocytic cycle, consistent with its specificity for the insect stage. Transcription of the KAHRP gene and the PI95 gene is sensitive to a-amanitin (Fig. 2) , indicating that these genes are transcribed by an a-amanitin-sensitive RNA polymerase.
Structural organization of the KAHRP locus
Genomic sequences were obtained for the KAHRP gene in order to analyze the structural basis for the stage specific regulation observed for this gene. Several overlapping genomic clones spanning the entire locus were obtained and sequenced (Fig. 3) . The RNA initiation site of the KAHRP gene was determined by primer extension and RNase protection assays (Fig. 4) . The primer extended product was recovered from the gel and amplified by anchored PCR. Both primer extension and RNase protection experiments map the start point of transcription to a single site, 849 bp upstream of the KAHRP initiation codon (Fig. 4) . The sequence 5' of the RNA initiation site was examined for homologies to the binding sites of known eukaryotic transcription factors. None were found. However, a novel sequence element with two-fold symmetry was observed 160 bp upstream of the RNA start site (position 1562 to 1573 in Fig. 3B ).
Nuclear proteins interact stage-specifically with a sequence motif
To determine whether this motif is a binding site for nuclear proteins, gel retardation assays were performed. Oligonucleotides containing the KAHRP sequence element were incubated with nuclear extracts prepared from asynchronously growing erythrocytic cultures of the parasite isolate FCR3-A2. Complex formation was analyzed by gel electrophoresis. Three complexes were observed (Fig. 5A ). These complexes were found to be stable in the presence of high concentrations of non-specific competitor DNA. Further, neither pUC18 DNA (1/xg) nor a DNA fragment containing the GBP 130 upstream sequence could compete the formation of these complexes (Fig. 5A) . By contrast, complex formation is not observed in the presence of unlabelled KAHRP oligonucleotides (100 ng) or of a DNA fragment containing the KAHRP upstream region (1 ng). Extracts prepared from uninfected red blood cells do not interact with the KAHRP sequence element. To determine the stage specificity of these complexes, the KAHRP oligonucleotide was incubated with extracts prepared from ring and schizont stage parasites, respectively (Fig. 5B) . Three complexes, two major and one minor, were observed with nuclear extracts prepared from the ring stage. In contrast, the KAHRP sequence element formed one complex with nuclear extracts from the schizont stage (Fig. 5B) . These data indicate that the KAHRP sequence element interacts with nuclear proteins in a stage specific manner.
DISCUSSION
The protozoan parasite P. falciparum has a complex life cycle alternating between a vertebrate and an invertebrate host. During the life cycle gene expression is regulated as indicated by distinct patterns of RNA (9, (25) genes, respectively, were tested for their ability to compete. A control experiment was performed using extracts from uninfected erythrocytes (lane marked RBC extract). B. Nuclear extracts were prepared from ring (R), and schizont (S) stage parasites, respectively. The extracts were incubated with labelled KAHRP sequence element in the presence of 2 jig of poly d(I/C).
Where indicated 100 ng of unlabelled KAHRP oligonucleotides were added to the binding assay. Complexes formed are indicated by arrows.
well understood for this parasite, mainly, because functional assays for the study of promoter activity, i.e., transfection or a reconstituted in vitro transcription system, are not yet available. In addition, structural data are difficult to obtain, since non-coding plasmodial DNA are unstable in E. coli (22) , which presumably results from the unusually high A/T content of > 90% (23, 24) . Consequently, structural elements involved in the developmental expression of P. falciparum genes have not been defined. Knowledge of these elements, however, is a prerequisite for the development of a transfection system for P. falciparum and will help in our understanding of the mechanisms of gene regulation in this parasite. In this study, we have identified a structural element in the upstream region of the KAHRP gene that, in correlation with the transcriptional activity of this gene during the intraerythrocytic cycle, binds to parasite derived nuclear factors in a stage specific manner. A single RNA initiation site has been found for the KAHRP gene as determined by both primer extension and RNase protection experiments. A unique transcription start site has also been noted for the erythrocytic stage gene GBP 130 of P. falciparum (25) . In contrast, multiple RNA initiation sites have been reported for the insect stage circumsporozoite gene of the simian parasite P. knowlesi (26), the erythrocytic stage major merozoite surface antigen gene P195 from P. falciparum (27) , and the Py230 gene from the rodent parasite P. yoelii (28) . The frequent pausing of reverse transcriptase in A/T rich regions can easily be misinterpreted as multiple initiation sites. Hence, it has yet to be determined whether plasmodial genes can have either single or multiple RNA initiation sites. A comparison of genomic and cDNA sequences indicates that the KAHRP gene is continuously transcribed. However, post-transcriptional processing of the KAHRP transcript occurs through cis-splicing and polyadenylation.
A comparison of transcriptional activity as determined by nuclear run-on analysis and RNA accumulation indicates that the KAHRP gene is transcriptionaUy regulated during the erythrocytic cycle and transcribed only during the ring stage. Like the KAHRP gene, the GBP130 (25) and the HRP II (data not shown) genes are also transcriptionally regulated, while the P195 gene is constitutively transcribed in the erythrocytic stages (Fig. 2) .
Transcription of the KAHRP gene is sensitive to the RNA polymerase inhibiter a-amanitin. Eukaryotic genes transcribed by an a-amanitin sensitive RNA polymerase frequently contain regulatory signals immediately upstream of the RNA initiation site. A comparison of the upstream regions of several plasmodial genes including the GBP 130 and the CS genes has revealed a common sequence element that is homologous to the core region of the SV40 enhancer (25, 26) . This SV40 enhancer-like element is not present in the KAHRP upstream region, nor were there any homologies found to other known binding sites of eukaryotic transcription factors. However, a palindromic sequence element was identified 160 bp upstream of the RNA initiation site of the KAHRP gene. This element was recognized in a specific fashion by parasite derived nuclear extracts. Different complexes were formed with this element depending on the developmental stage of the parasite. Three distinct complexes of different mobility were observed in the ring stage during which the KAHRP promoter is transcriptionally active. During the schizont stage, when the KAHRP promoter is silent, a single complex is formed. It is tempting to conclude that the KAHRP palindromic motif is a promoter component which mediates the developmental expression of the KAHRP gene by interacting with transcriptional factors in a stage specific manner. It remains to be determined whether the protein-DNA complexes observed define multiple protein binding sites on the KAHRP sequence element or whether a single DNA binding protein is post-transcriptionally modified or binds additional co-factors. It is also possible that this sequence element is recognized both by positive regulatory factors during the ring stage and by negative regulatory factors during the schizont stage. Until a functional promoter assay is developed these conclusions remain speculative.
